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1. SUMMARY 


& "gan" type combustion chaaber was designed using 
all available proved concepta, A eurvey of existing de- 
signs wae onde. to arrive at a logical design point. The 
fact that parallel fiow would exist within the chamber was 
noted, and the burner wee designed to obtain the required 
flow with am equal preseure drop across all the parallel 
paths, The holee for introdveing the air into the burner 
basket vere placed in euch a sanner that the total area in- 
to the burner basket, plotted against distance downstresn, 
fell on an are of « cirele. This made the design follow 
eecveral proved concepts avtomatioally. 

The performance was calaulated and compared with ¢x~- 
isting designe. The comparieon was quite favorable, with 
the exoeption of combustion efficieney. ‘Jinee the empir~ 
igal equation for combuation efficiency was obtained from 
teste under slightly different conditions than the design 
point, doubt exists as to the validity of the values ob« 
tained by its wee, 
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If. DITRODUCTICN 


any combustion chambers for turbe-jet engines have 
been built ond tested; however, they all fall into one of 
two olassifications. The most common type is the tube or 
*oan* eoabustion chaaber. The other is the annular type. 

‘The "ean" type of combustion chamber, as ite nane 
implies, is a metal cylinder or oan with am inner liner or 
*pasket" which separates the air inte two parte. the early 
turbo-jet engines designed by Air Gommodore F., whittle of 
Great Sritain used “can" coubustion chambers of the “return 
flow" type. in thie type of chamber, the air passes over 
the entire length of the combustion sone before entering to 
be mixed with the fuel and burned, Thus the air is pre- 
heated by what would otherwiee be waste heat. Thig advan- 
tage ie more than overcome by the disadvantage of a high 
pressure loss. The more nedern “ean* type combustion cham- 
bere are of the “straight through* variety, i.@., there are 
no turne encountered within the chamber iteelf. 

The ennular type of combustion chamber has the dis- 
tinct advantage of offering less frontal area for a given 
eapachty than a battery of “cans” of equal capacity. The 
annular combustion chamber bas the disadvuntage of having 
te be tested in its entirety, while one *can” of «@ multi-ecan 
battery can be tested. York is being done et Yeetinghouse 
in testing a small segeent of an amwlar chamber and using 
the results to predict the performance of the complete unit. 
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Ho results bave been published, but it ie expected that this 
method ef testing will prove satisfactory. 

Binee the “can* type combustion chamber ie amore 
easily built and the testing presedures for the chamber are 
more nearly standardized, it wae decided to base the analyt- 
iesl design om thie type of combustion chamber. 
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Il, PURTOSE OF INVESTIGATION 


"Cut and try" has been the sethed employed in the 
past in designing cowbustion chesbers for turbo-jet engines. 
Thie te a long and costly process, and luck plays 4 consider- 
able part in obtaining reaulte. it ie the purpose of thie 
investigation to design a combustion chember weing snalytical 
methods. Proved soncepts will be ueed where they are avail-~ 
able. It is hoped that this proceedure will produce a satia- 
faetory chamber with little or no alteration necessary. 
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IV. PROBLEMS INVOLVED 
iu THE DESIGN 
OF A COMBUSTION CHasBek 

The function of a turbe-jet combustion chamber is to 
heat the air from the compressor to the temperature required 
at the entranes to the turbine. This temperature ie usually 
taken to be 1600° fF, thie being the maxioum temperature at 
whieh present day turbine wheels can operate. Sufficient 
fuel te achieve this temperature gives a fuel-air ratie far 
too lean for satiefactery combustion. Therefore, the air is 
Givided inte primery air and secondary air, the primary air 
being just wfficient to produce a stoichiometric fuel-air 
mixture with the required fuel and the secondary air being 
introdveced te eocl the products of combustion sefors reach- 
ing the turbine, 

The primary air muet be introdeeed into the combue~ 
tion chamber with enough turbulence to ingure good mixing 
with the fuel. This turbulence siso speeda the buraing and 
gives a stable flame, 

The secondary sir aust be brought in with enough 
large-seale turbulenes tu complete the burning and te mix 
thoroughly with the producte of combustion. Any stratifica- 
tion due to inoomplete mixing will reguilt in layers of air 
at temperatures higher than the ellowable reaehing the tur~ 
bine. Hot spots will be caused, and a failure of the metal 
may ocour, 

High turbulence and a long combustion chamber tend to 
give sore complete burning and better alxing of sevondary 
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air and combustion products. Unfortunately, thease charac- 
teriaticsa are not compatibie with an efficient design. High 
turbulence produces high pressure loasea through the combua- 
tion chamber. ‘Since compressor efficiencies and pressure 
ratios are critiesal, the additional preseure loss which re- 
eulte from high turbulence wuet be avoided. fherefore, just 
enough turbulence to oomplete the wixing should be weed. 
‘nything in excess of this, while imevrance against turbine 
hot spots, cute down the combustion chamber efficiency. 

Sinee turbo-jet engines are used on airplanes, space 
and weight are at « premium, This precludes the use of an 
excessively long combustion shamber to complete the aixing. 
Lengthe of three to four diameters are ourrent practice. 

The rate at whieh the secondary air ie mixed with 
the conbustion products ie of great ispertance. foo such 
air introduced too soo may chill the flase front suffi- 
ciently te prevent the combustion reaction from going to 
completion, This, of course, would reduce the combustion 
efficiency. ‘eference 1 etates that the first secondary air 
Ghould not be introduced nearer than six te sight inehes 
doenstream from the fuel nozzle. 

Experiments condueted at the California institute of 
Technology show that the shape of the holes used to let the 
air through the inner liner hac an effect on the presaure 
drop through these heles and also on effect on the mixing of 
the air with the combuction preduets. Figeres i and @ show 
the effeets of chape om mixing. A thin slot parallel to the 
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flow gives the best mixing, a square or cirowlar hole next 
best, and a slot perpendicular to the flow the worst. 

‘The square hole and the slot are undesirable, however, 
beenuse high stress concentrations would be produced at the 
sharp corners. 

‘The round hole has found alaest universal acceptance. 
The use of a bell mouth on these holes reduces the pressure 
drop across the holes by aearly thirty per cent without af-« 
feoting the mixing. 

These experizents also showed that arranging the 
bhelee in lines with one hole directly downstream from the 
ether gave the greatest amount of turbulence for a given 
pressure drop. 

Gimee there are no facllities available for testing 
the altitude performance of a combustion chamber, no attempt 
will be made to take thie requirement into consideration. © 
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V. SELECTION OF THE DESIGN POINT 


in order to arrive at a suitable design point, a cur- 
wey of several current model turbe-jet engines wae made. 
Table I lists the design factors for the coxbustion chambers 
of these engines. 

The “leading factor® or “combustion intensity factor,” 
ae it is sometines called, is a parameter originated by the 
British for comparing different combuetion chambers. it is 
defined as follows: } 


a 


where gq * heat input in Stu/hr 
P = pressure inside chamber in atwospheres 
Ye — avallable for combustion ineide besket in 


I @ leading factor in Stu/br-ft®-ats. 

The heat input is computed by multiplying the fuel 
flow rate in pounds per hour by the lower heating value of 
the fuel. The volume available for combustion inside the 
basket ie taken from the fuel injeetion mnogsle te the tur- 
bine entrance. | 

It ean readily be seen that the combustion intengity 
facter is ao good indication of the conditions under which 
combustion takes place, For inatance, for a given heat in- 
put, the larger the voluwe availabie for combustion, the 
greater will be the amount of air available to absorb the 
heat released and, consequentiy, the lower is the intensity 
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factor. Again, for a given heat input and a given volune 
available for combustion, the lower the pressure, the 
smaller will be the mase of air and the higher is the temper- 
ature rise from combustion; hence, the combustion intensity 
fector will be higher. | 


fable J, Sesign Factors for Combustion Chambers of Current 
Kegel Turbo-Jet aageane.# 


ingine 8 Vy I Db Me Lf/d. 


TG6180 (J-35) @ wo 32x 165 7.5 5.35 4.80 
1e40 (J~38) 4060s oss 4G x 20" 56.5 5.80 4.80 
Nene ® 80 2.0 x 10° 10.0 @.20 28.70 
‘Derwert ¥ 9 80 2.0 x 10° 10.0 2.60 45.20 
Goblin 11 16 0S 100s 366 ew 108 6.0 5.80 4,50 
19kB annular + %0x108 «+ «~ « 
9.58 fnonaler <« Ne: xi06 - ~ 
® I » Leading factor or combustion intensity factor, Sta 
per hour per cubie foot per atacaphere, based on 


oa Volume available for gombustion p Aye» Trl 
N » Nusber of combustion chanbera, 
1 «= length in inohee from fuel nozzle to end of dasket. — 
i. - Length im inches from fuel nogsle to turbine entrance. 


Ve~ Seference velocity in feet per second, computed using 
saxioum eross-sectional area of sombustion chamber. 


D - Diameter of basket ian inches. 


The British have tried to vorrelate this combuetion 
intensity factor with ¢gombustion losees. “hile no slose 
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correlation exists between different combustion chambers, 
curves of individual chambers shew that cowbustion losses 
inerease rapidly with increasing cosbustion intensity factor. 
& typieal graph of combustion losses ve. combustion intensity 
factor is presented in Figure 3 for the Lucas 3-37 chamber. 
However, these losses may be inordinately high sinee, at sea 
level, values of combustion intensity factor as high ase 

9 x 108 are possible with a combustion efficiency of 96 per 
cent (Ref. 2), 

‘The reference velocity, v,, is another Sritish para- 
meter, It is used to get a rough check on the total leases 
through the combustion chamber. feference 5 shows that in- 
dividual combustion chambers have a preseure ices of from 
20 te 30 times the velocity head computed for the reference 
velocity. Thee it can be seen thet a low value of reference 
velocity should be used in designing a combustion chamber, 

Some of the design conditions were dictated by the 
air source which would be available te test the combustion 
chamber when built. This source is from the second stage of 
an Alligon VelT10O supercharger and is about three pounds per 
eecond at 1.6 atsosapheres and 200° F, 

As @ result of this eurvey and from consideration of 
the air source available for testing, the following design 
point was selected: 

Altitude © sea level 
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Pay @ 1.6 atmospheres 
Tey ® 200° F or 660° FR 
Tey * 1800° F or 19¢60° *® 
Ve © 100 ft/sec 
&,. 7 .08 

L/D © between 3 and 4 
1/D © between 2 and 3. 


nb 1) 
Ar Mae | 
RS | 
a 
4 - \ i 
4 rhe 
> » dais 
¥ J 
¢ 
‘ “6 ; ] 
on i 
be) . 
ui 
i Md *. 
. ay 
4 a, © 4 
i iz 


whee 


VI, DESIGN PROCBUORE AND CaLOULATICNS 
Hexious Diameter sf Sombustion Ghasber 


Yr © lipfa) 
where Vy * reference velocity in ft/sec 
ip * reference Hach number | 
- & 8 speed of sound in ft/sec © 49)T ep 


where Tay © temperature in °H at entrance to 


P, t 
ff = Fae x % 4 
wnore/® density of air in 10/rt® 
foo 2 tenaity of air in lb/ft? ot standard conditions 
Fay ® total pressure in 1b/ft® at entrance to combustion 
chamber 
Pee * atmospheric pressure in 1b/ft® at standard 
conditions 
Teo * temperature in °h at standard conditions 


J ® .O76sh x 2580 x ge0 
= .0965 1b/ft® 
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where A ® area ef combustion chasber in rt*® 
w= air flow in 1lbd/sec 


aA - = 


= .29 £2 


psy 4. 


where Dy., * waximum diameter of combustion chasber in ft 


cm | 


* .G1 ft = 7.33 in 
Zuel Deguired 
Cray, 2 SP4 * Sps 
2 


where Sreye * average specific heat at constant pressure 
in Btu/lb air « 2 
Gpg * Specific heat at constant preasure in 
Stu/lb air -°R at entrance to combustion 
Gog © specific heat at constant pressure in Bta/lb 
air ~ °R at exit from combustion chasber 
*.ave * abel 927) 


= .25¢ Btu/lb air « °F 
@ * Grave (?et - Ter) 


where q * heat required in Stu/ib air 
_ = total tenperature at combuetion shasber exit in 
ad «| 
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@ * .266(1960 - 660) 
@ 343 Btu/lb air 
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where we * fuel required in 1b/sec 
Lelie¥. ® lower heating value of fuel in Stu/i> 


ne? ag. 


= .056 lb fuel/eoc 


Ermary 4ir equired 


in order to obtain sufficient combustion in the 
primary sone, there should be a stoichiometric mixture of 
fwel and gir in thie gone. Thus, the fueleuir ratio sust 


where w = weight of primary sir required in 1b/sec 


"* 2 


# .85 1b/sec 


Voluse available for Zombustion 
vs @ 
?r 


where ¥ @ volume available for combustion in rte 


gq @ heat input in Ste/br 
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? @ pressure inside chamber in ataospheres 
I © combuation intensity factor in Stu/hr-ft®-ata 


A@ shown in Figure 4, the burner is wade up of three 
sections---heslephere or dome, cylinder, and tail cone. 
Thue, 

| Ve * Vy e Vo + Veo 

- where Vp 2 total volume in ft° = .29 rt 
Vu = volume of hesisphere in ft© 
¥g © voluae of cylinder in ft® 
Veg ® volume of tail cone in rt® 


te “1 « Table + p(T + 7048 » 8 x 2ge ) 


@ 2 emaller diameter of tall cone in ft 
ay * length of eylinder in ft 


Then 


h ®@ lengts of tail cone in ft 


Ageuming that D ® 6 in * 1/2 ft, @2 4 in © 1/35 ft, 
and he §$ in * 6/12 ft: 
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Solving for lg, 
| lg * 1.02 ft = 12.25 in 
Then, 
Ll 2 i¢ + 2.25 
where 1 = length from fuel nozzle to downstream end 
of cylinder in inches | 
2.25 * length from fuel nozzle te upstream end of 
eylinder in inches 
1 3 12.25 + 2.25 = 14.5 in 


Algo, 
Leleh 
where L * length from fuel nozzle to end of tail cone 
in inches 
L 2 14.6 « § © 19.5 in 
Thea, 


4 ® 2.42 and ‘ = 3.25 


Sinee the values of 1/P and L/D are between the de- 
sired values cf 2 and 2 and 2 to 4 respectively, the dimen- 
sions of the burner besket were selected as assumed and 
caleulated in the foregoing proeedure and may be summarized 
as follows: 

Ds 6 in lg © 12.25 in 

a2 4 in i} @ 14.5 in 

h* 5 in i. a 19.5 in 
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Desien of Erimary Zone 


The problem of introdveing the prisary air with the 
proper turbulence is the soat important single factor in 
the design of a combustion chamber, according to A. J. Herad 
(Ref. 4). When done properly, a smooth, continuous ignition 
preeees oceurs in the dome end of the combustion chasber. 

Gest results have been obtained when everything 
possible hag been gone to produce a strong reverse flow in 
the primary cone. Thie reverse or “back-flow" produces an 
“ignition eddy" or “tore,” as it ie referred to in Nerad'e 
paper, | 

To establish the existence of this “tore” beyond any 
doubt, various teats have been carried out with preseure 
probes, along with other tests such as injecting the fuel 
into the firet ring of holes instead of at the nozzle. 
These teste have proved that the flow ise essentially that 
which ie shom in Figure 5, 

Locking at the end view of Figure 5, it ie ebvicue 
that the eight atrong jets of air impacting at the center 
suet produce a substantial axial flow beth into and out of 
the plane of the paper. The axial flow which goes forward 
ie deflected outward by the dome and emerges in the rele-~ 
tively unobstructed areas between the rowe of air inlete. 
This air has mixe4 with fuel and been ignited end now ise 
*hot burning gases.” These gases pase in close proximity 
te the inegosing cold air and part is entrained by it, ree 
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sulting in extremely fast preheating of tie incoming come 
bustion air. This has a very beneficial effect on good 
ignition and amocth combustion. 

Ginee it is desirable to have this “back-flow” as 
etrong ae peseible, «11 the primary air, except a emall 
amount necessary for cooling and carbon prevention, will be 
introduced through heles in the besket downstream from the 
fuel nossle. | 

The flow through the combustion chamber is parallel, 
i.@,., the sase of air which enters the combustion chawber 
through any hele or slot in the turner basket dees net in 
turn pase through any other hole or slot on its way to the 
turbine, and, likewise, the air whieh travele through the 
annular path in the tall cone hes not previously passed 
through any hole or slot in the basket. Gince the flew is 
perallel, the friction pressure drop through any part of 
the burner aust @qual that through any other part. This 
facet was weed in designing the combustion charber. 

The deaign of the primary some wae completed ag fol- 
lows: 

Firet, the weight flow through a ring of eight 1/2 
inoh primary holes loesated 4-1/2 inches frow the noagle 
was determined approximately by the formula: 

wa f Ag, 

where we air flow through the ring of holes in 

ib/sec 


Ag ® area of the holes in ft® 
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f= density of alr in 1b/f® 
Vs velocity of air through holes in ft/sec and is 
taken as equal to that in the clearance area be- 
tween the liner and the burner basket 
G, * orifice coefficient 
Soe the orifice coefficient, wae obtained from a 
graph (Ref, 5) after computing Reynold*s nuwber and the 
diameter ratio ae follows; 
Ay * Widgg? = Dq*? 


there ay ® elearance area between baeket and burner 
eheli at the loeation of the pricary 
holes in re? 
Dog @ Outside diameter of clearance area in ft 
Oyg * inside diameter of clearance area in ft 


ay -788{( 2430)? “(qa ] 


 .089 ft* © 12,8 in® 
By -| io 
Where D, = diameter in ft of a pipe with area 
equivalent to A; 


a 


= «536 ft = 04 in 
At this point, it ie aseused that .25 lb air/sec 
will have been weed previously fer cooling and carbon pre- 


vention. 
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y+ Sh 
Py 
where ¥y ¢ velocity in ft/seee through clearance area 
*, 2 sir flow in clearance ares in lo/sec . 
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By Sutherland's formula; 


Ps peena) a) 
where.» viscosity of the air in poises 
/¢ *® 170.9 x 10°5 poleea 
Ty © 275° K 
K = 120 
T * temperature of air * 566.4° x 


= 170.9 x 10°% ( well ) 8/2 


2 2.345 x 10°% poiees 
© 2.145 x 10°* x £.09 x 10°" sluge/ft-see 


Then, kA @ an? 
Lé 


where BR S Reynold's number 
g * gravitational constant = 22.2 ft/see* 
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BR = x & 
«4D K Kk ° 


716 x 10% 
4g * Diy” 
where K) = number of holes in ring 
by, * Glameter of each hole in ft 


dy * .785 x 8 x(a)" 


= .O1L et® = 1,56 in? 
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Then, with these values of NN and Bp/P, and the 
chart of Reference 5, we find C, = .é1. 
Thus, } 
@« .0966 x .O011 « 320 x .61 
® .2 lb/eec 
te 
P 
where ¢ ¢ air flow through ring of heles in ft®/sec 
Q = sk s 2.07 ft°/eec 


The friction pressure drop wae then ealeulated by 
the following formula from Meference 6; 
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where AP = friction pressure drop in 1b/ft® 


2 
on aaa orrtttar | ~ (Bf | 
* 147 1b/ft® = 1.02 1b/in® 

Sinee this was considered to be a reasonable value 
for friction pressure drop, it was selected as the value to 
be used in designing the combustion chaaber. 

As previously stated, it was assumed that .25 ib air/ 
eee had been used for cooling and carbon prevention. It 
was decided that the air to cool the dome should be intro- 
@ueed through e ring of eight 3/8-inch holes around the fuel 
nozzle. The air jets through these holes lapinge on slanted 
vanes whieh give them a swirling action and direct them onto 
the dome. The pressure drop equation wae used to determine 
whether the eight 5/8-inech holes would give the required air 


flow. 


where @ e air flow through the eight 3/8-inch holes in 
ft°/see 
Ag # area of the eight 3/8-ineh holes in r.* 


A, > area of combustion chamber in re” 


Ag 28x * ,Q0615 ft2 = .s85 in® 
tos (sah 
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“1° 7 tas * « 29 ft® © 41.8 ind 


® 1,17 ft°/seo or .11 1b/ece 

This value seems reasonable sinee o portion of the 
25 lb air/sec sust enter through an annular slot located 
between the nose hemiephere and the walls of the basket. 
The desired flow through thie slot ie then: 

025 = .11l @ .14 lb/eee or 1.45 ft*/see 

The preasure drop equation was used to find the slot 
area required to obtain this flow. ince the tere 
y » (g/a,)* will be very nearly equal te 1, the pressure 
érep equation may be used te solve for Ap thus: 


where Ag * slot area in ft® 
@ 2 air flow through the slet in ft°/see 


= .oo7e rt® « 1.09 in® 
The required thickness of the slot is found as 


follows: 
As ile “ {i oo aa 
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where 5 « diameter of burner basket in inches 
x « clearance in inches 
1.09 =¢ jae - (6 « x)? | 


xe .116 in 
The slot thickness will then be: 
&* a116 @ 088 in & 1/16 in 
g x 


In order to get the required air flow for the 
primary section, three ringe of sight 1/a-inech holes were 
required in the burner basket in addition to the ring of 
eight 5/S-inch holes in the deme and the anmlar slot. 


Desisn of Secondary zene 


The weight flow through the primary sone is .856 
lb/esec, Thie leaves 2.15 lb/sec to flew through the second- 
ary sone whieh includes cooling louvres, the tail cone 
annulus, and the secondary holes. 


Louvres 

4ir introduced through the leuvres is intended to 
@ool the basket and te prevent the formation of carbon. The 
louvres are shaped to deflect the sir along the inner eure 
face of the liner, thus keeping the velocity high eneugh to 
eweep away any carbon which might form. Three rings of 
eight louvres each were considered adequate, 
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Sach louvre ie 1/f inch long and 1/16 ineh deep. 
Thie gives on area of: 
aA “3 *is 20322 in® 


The area of one ring of cight louvres is: 

| &3 0312 x82 .86 in® 
Kow, aseuming an orifice coefficient of .61, the flow 
through the louvres is as follows: . 


€* Agta 86/2) 
(The ters wp @ (49/4, (® nas been omitted since in all 
eases it ie very nearly equal to 1.) | 


eS a x weal e004 ge) 


2.332 ft®/sec or .052 1b/seo 
Por three rings, the flow will be: 
Sx .032 2 .096 1b/eec 


Tail Cone Annulus 

The flow through the tall cone annulus is necessary 
to cool the inner liner which ie in direct oontact with the 
hot gases. The file of alr need not be very large to ace 
compligh this, The 1/ié<inch clearance allowed is in ao- 
sordance with current practice. 

A@oording to Neference 7, the preseure drop seross 
the tail cone annulue is given by the following formula: 
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Frere 
where DP © frietion pressure drop in 1b/ft® = 
147 in/re® 
f* tensity of air in 1v/ft® « .0965 1n/rt® 
f= friction factor 
h @ length of tail cone in ft = 6/12 ft 
As bydraulie radius in ft 
v ® average velocity through annular space 
in ft/seo | 
Reference & gives the relation between f and 
Heynold's number, HR, WH, in turn, ie dependent upon v. 
Thus, it can be seen that ao out and try calculation is nee- 
eseary te arrive at values of f and v which will satiafy 
the above equation, From Referenge 7, 
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whereA= vigseosity in eluge/ft-see 


Re 4ay 
ara 
Where Agye * average cross-sectional area in £t® 
oP & wetted periseter in ft 
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= 1,023 in® = .ooril re® 
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#P aT (Dg . 2) 
where Db, = inside diameter of section at Agyg in ft 
bg = outeide diameter of section at Agys in ft 


Pg * 1 + shee | 
O72 ® -708| (, + sigs)" - »,*| 
Dy = .43 ft 


Dg = 44 ft 


oP 21.43 @ .44) © &. 736 ft 


Re .Q0T) = 0026 ft 


Agsuming v= 250 ft/eec: 
BAe 


-45 x 10°S x 52.2 

= 17320 

and f= .04¢ 
Solving for v to cheek assumption: 


v= 242 ft/sec 
Asguming ¥ * 240 ft/eee and recalcoulating: | 
HR © 17320 x 240 © 13860 
860 


and £ > ,0435 
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This ehecks the agsumed value. Then, 


GU * Agye ¥ 
where ( > flow therengh tail cone annulus in ft®/sec 
&* .0O71LL x 240 
= 1.707 ft8/see or .165 lb/see 


Secondary Holes 
Knowing the flow through the primary gone, the 
louvres, and the tail cone annulue, the weight flow through 
the secondary holes can be obtained. 
-85 lb/sec prisary air 
1665 lb/eeo tail cone annulus 


~2 296 Lh/aee louvres 
1.111 Ib/see total 


Then, the weight flow through the secondary holes is 
3.000 « 1,111 = 1.869 lb/eece 

Seecause of the high velocities in the conbustion 
chamber, it was ageumed that the air would flow through 
the secondary holes at some angle other than 90°, This 
angle was taken to be 45° throughout the secondary sone. 
Appendix 4 presente an experiment which was the basiae for 
this seesuaption. 

This angularity of flow necésasitates the introdue- 


tion of an effectiveness coefficient, Gg, in addition to 


the erifies coefficient, Coe when caleulating flow through 
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@ secondary hole. ©, is defined as the sine of the angle 
of flow. 
c, = sin 45° 
= .707 
To find the flew through « ring of eight 5/3-inch 
secondary holes: 
Q = HiAgS,S, “+ ) 
?P 
where 4 ® air flow through ring of holes in ft®/sec 
Ny, ® number of holes in ring = 8 
Ag * area of each hole = .0o21s rt® 
G, * effectiveness coefficient > .707 
G, = orifice coefficient = .61 
@ * gravitational constant «= 32.2 ft/sec® 
OP ¢ trietion pressure drop = 147 1v/rt® 
Pf tensity of air t .0965 In/re® 


ee 


+ #29 ft/sec or .221 1b/sec 


Sieilarly, ( for a ring of eight 11/16-ineh holes 
is 2.68 ft"/eee or .276 lb/eec. Thus, six rings of 11/16- 
ineh holes and one ring ef &/G-ineh heles will admit the 
1.889 lb/sec of secondary air that remains. 
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«ll lb/aec holes in heailsphere 
14 * annelar slot 
3x. .60 . three rings of 1/a-ineh holes 
6x .278 = 1,67 3 #ix rings of 11/16<inch holes 
222 * ome ring of &/G-inch holes 
2165 = * tail cone annulus 
096 * louvres 


$.002 ib/sec total air flow gheck 


Loestion of Holes 


The primary air should be introduced far enough 
_ downstrease to insure the development of « strong combustion 
eddy. This is about three-fourths to one diameter from the 
fuel nossle. | 

The secondary air showld se first intredeced at a 
iow rate and then at an increasingly greater rate down- 
stream. This is to prevent ehilling of the flame front and 
the resulting stoppage of the combuetion process. Gy intro- 
Gucing the first part of the secondary air six to eight 
inchea from the fuel nossle, enough time ie alicwed for the 
combustion to be well along towards completion. 

4 @eonvenient method for locating the primary and 
secondary holes to eatisfy these requirements is shown ina 
Figure 6 in which total erea of the openings into the basket 
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FROM FUL NOZZLE - WACHES 
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| is plotted ve. @istence from the fuel nezzle. the curve 
shown in an are of a circle and is defined ac follows: 


1. The center of the circle lies on the vertical 
line through the sero distance point. 

2 One point on the are is the area of the openings 
7 into the burner basket shead of the fuel nozzle, 
i.6., the area of the eight 3/8-inch holes. 

Thie area ie plotted at the point of sere dics- 
tance. 
3. The other point of the are is the total area of 
all the openings, slote, and louvres in the 
| burner basket. This area is plotted at the éie- 
- tance at which the last row of secondary holes 
7 is desired. 
Now, by taking the areas of the rings of holes and fitting 
them to this curve, a eatiefactory distribution will aute- 
patieally follow. 

this method, used judiciously, should take auch of 
the eut and try out of burner design. 

The cooling lowvres can sow be placed in spote where 
the boundary layer would otherwiee thieken wp and let carbon 
deposits form. 

- Pagure 7 shows the final configuration of the combus- 
tion chamber. | 
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Eristion freseure Drop 


Sinee the flow through the combustion chasber is 
parallel, the pressure drop through any one part ie equal 
to the pressure drop through the entire burner. The frie- 
tion presaure drop, a6 calewlated im the preceding section, 
is: 

Ap « 147 1e/tt® or 1.02 1b/in® 

Having the friction pressure lose in hand, it is now 
necessary to determine the pressure loss due to combustion 
in order to have the total pressure loss through the burner. 

The agsumption ie now made that the combustion takes 
piace in a burner of constant cross-eectional area and that 
no mase is added by the fuel. 

in a combustion process, the impulse-somentua law 
holds. This law atates that “iapulee is equal to the change 
in momentum.” ritten mathematically, thie is: 

Ft = A (Sv) 
where F « pounds force 
t = tise in sec 
i * pounde sass 
¥ * yelooity in ft/eec 
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Sow, since mass is ageumed constant: 
¥t ® MAy 
# @ Rhy 
t 
Pe gly, + ¥) 
& 
where w « weight flow in 1b/sec 
€ * ratio of absolute to gravitational units 
of mase 
Pressure is force per unit area, and since the burner 
is of constant area, 
APagg ~ Als, © zits = ¥) 
where Py, * entering static pressure in 1b/ft® 
Pgg = exit static pressure in 1b/rt® 
A ® burner area in £t® 
in the burner at hand, the known conditions are: en~ 
tering total pressure, P4,; entering velocity, vq; entering 
total temperature, T,,; and exit total temperature, T,,. 
in order to obtain pressure drop due to combustion, it is 
necessary to know the theoretical exit total pressure, 
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From adiabatic considerations, it ie knoen that: 
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Then, « *Se/Ts\X(t ri 


Since B/p = BT 

where P * preseure in 1b/rt® 
/?* density in Ib/te® 
RS gas conetant in ft/°R 
T = temperature in °8 


and {= ww 
where @ « volume flow in ft"/sec 
then rg 2 aT 
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Similarly, th. is obtained. 
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Substituting the following values in the formula derived for 


Vai 
¥4 = 100 ft/sec Bag = .O794 
Y 21.4 Uge™ « .0063 
Ye lw 24 tse s 2 2.97 
Le 1 = 1.2 “at "te 
we find, 


s\)2 + 1.2(.0062 
2.4(,G063 


Vg * SG2 ft/sec 


Substiteting the following values in the formulas derived 
for Tg, and Tget 


%q 2 100 ft/eee Ve = 302 ft/sec 
& = 32.2 ft/sec? Ye led 

Tey * GE0° R Ts¢ * 1960° 8 
R ¢ 83.3 £t/R 

we find, 
Te, % 560 « were . 
52.2 (3 dad $3.3 
= 669.2° & 
ana Tg_ * 1960 - (302) 
Bie. od 


Tt oe 
1.4 « i 


2 1952,.4° & 
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Substituting the following values in the forswla derived 
for Ps¢3_ 


P4y = 1.6 ote ¥ = led 

¥g = 100 ft/eeo = vgs & «202 ft/sec 
Tg, = 660° BR gq * 1960° R 
Te, = 659.2° & Tg, * 1962.4° RB 


Ar # Pag > Pat 


3 1.6 - 1.82 
> .08 ate * 1.176 1b/in® 


Zoteal Freseure Lrop 


The totel preasure drop is the sum of the friction 
pressure drop and the sementum pressure drop. 
Frietion preseure drop = 1.02 1b/in* 
Momentum pressure érop = 1.175 1/in® 


Total pressure drop 2 2.196 1b/in® 
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Fer ease in comparing burners of various sizes and 
eepacities, the parameters’ /i'a, is used. This value 
wewally lies between four per cent and seven per cent. 


4h. s roth @ ,0934 or 9.54% 


Thie valwe is a little high tut is explained by the very 
low value of F,,. 

Reference 3 states that the tetal pressure drop 
should be in the neighborhood of 20 to 50 tines the value 
of the veloeity head q at point 4. | 


® 16 1b/ft® or .104 1b/in® 


i ai 21.1 


Thus it ie seen that the pressure drop obtained ie in | 
accord with Neferenee %. 


Sombyetion sfLicieney 


In on unpublished paper, Ur. . BR. Hawthorne, in 
ecollaboraticn with Prefessor f. ©. Hettel of the 
Raseachusetts inetitute of Tecimology, presented an empire 
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ieal formla for combustion efficiency. Thies formula wae 
Gerived from ourves of «a series of combustion chasbers show- 
ing the correlation between combustion efficiency, heat in- 
pat, and diameter of chamber. The forwula is as follows: 


taeNe eats 


where" = combustion efficiency 
@ & natural leg base = 2.714 
i > combustion intensity in Stu/hr-ft5-ate 
bs diameter of combustion chamber in ft 


6 
i “"\s (2.718)" B ioe x 61 


= (27re)~ho%8 
+ ah 


AF 1 = ,2905 
® ,7096 or 70. 96. 


This ie @ low combustion efficiency. However, this ean be 
attributed to the fact that the very low value of P,, nee 
eesitates a very high cosbustion intensity. The effect of 
combustion intensity ean be shown by substituting an in- 

tensity of 4 x 10° Btu/hr-ft®-atz in the empirical formula. 
in this ease, the efficiency jompe to 92%. in order te ob- 
tain a cosbustion intensity of 4 x 10°, Pg, aust equal 3.2 
atwospheres. Liven this value of Pg, is considered quite 


low for modern turbe-jet engines. 
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Viti, CONCLUSIONS 


The combustion chamber resulting from this design 
shows a total pressure drop of 2.195 1b/in®, 4G, Geoffrey 
Smith in Reference 9 states that several standard turbo- 
jet engines have combustion chambers whieh operate with « 
total pressure drop of about @ 1b/in®, From this, it would 
seem that the pressure drop fer the desigred combustion 
ehamber was net excessive. 

The British wee preesure drop divided by reference 
velocity head (AP/q) os @ parameter for comparing different 
combustion chambers. Values of this parameter from 20 to 
SO are considered reasonable, Here again, the designed com- 
bustion chamber conforms, baving a AP/q of 21.1. 

émother parameter is pressure drop divided by total 
inlet pressure (AF/P 44). Mest values of this parameter 
quoted for standard combustion chambers varied from three 
tc six per cent. However, these values were invariably for 
total inlet pressures of 5.5 to 4.5 atmospheres. A test 
of a DeHavilland il sombustion chamber, operating at an 
inlet pressure of 1.6 atmospheres (a value very near the 
design point of 1.6 atmospheres}, showed a AP/?,, of 16%. 
Thus, it would appear that the value of 9.34% galoulated 
for the designed chamber ia acceptable. . 

Nawthorne's empirical formula for combuation effie 


eiensy was given with no indieation as to ite valid range. 
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it gay be that using this formula under a condition of low 
inlet presgure is not juatified and that sotwel tests of 

the chamber would prove the value of 70.95% obtained from 
it to be auch too low a value of combustion efficiency. 

This would appear to be the ease, judging by the results 
obtained in the aforementioned teat of the Dellavilland cham- 
ber. Operating under conditions very close te the design 
point used in thie investigation, an efficiency of 944 was 
obtained, 

It ie regrettable that time did net permit the build 
ing and testing of the design. Guly with the test reculte 
in hand can it be said positively that the design is good 
or bad. However, by comparison with proved designe, it 
would appear to be a satisfactory combustion chamber. 
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APPENDIX A 


geosary 


In order to observe the angularity of flow through 
the secondary holes of a burner basket, a test box wan cone 
structed with entrence, exit, and hole arease siailar to 
theee in the combustion ehagber of a J+35 turbo-jet engine. 
The J-33 chamber was selected sinee it wae found to be the 
moet nearly siailar to the burner designed in this investi- 
gation. 

Tufte were guepended from the centers of the holes, 
and the angle of flow was taken as the angle measured be- 
tween the tufte and the plate containing the holes during 
paseage of wm: air streams through the test box. 

‘mn attempt to read the flow angle by iatreducing 
smoke inte the air stream wan « feilure due to the bigh 
velocity and the large amount of turbulence present. 

it wae concluded that, while the angle of flew 
varied with distanes from the fuel nozzle, an average ongle 
of 45° could be veod in determining the ares of the second 
ary holes. 


Aptreduetion 


if the flew through a bole ie at an angle other than 
BOC, the area allowing fivid to peas will not be the ob- 
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served area of the hole but the projection of the area on 
the plane perpendioular te the flew, ‘The formula fer flee 
through an orifice is derived for a flow perpendicular to 
the orifice. “hen the flow is not perpendicular to the 
orifice, the projected erea aust be used in order for the 
orifice formula te be valid. 

The projected srea is 

A ® J, sin © 
where A = projected area 
4, 2 area of hole 


O angle of flow 
in thie paper, sin Gis oslied Cy, effectivencss co-~ 
efficient. 
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Figures 6 and 9 shew general viewe of the equipment 
weed in the experisent. In these figures, the parts are 
numbered as follews: 

(i) Zight~-ineh pipe carrying the flow frow the 

rotary compressor located in the basement. 

(2) Sater aanometer gomnected te pitet-static tube 

im the pipe. 

(3) Compressed air line, 

(4) Smoke generator. 

(5) Test box, 


Figure 16 shows a close-up of the smoke generator, 
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Figure 10. Close-up View of Smoke Generator, 
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| ‘Titenuda tetra-chloride (T1C1,) was placed in the gallon 
can to produce eucke, The amount of smoke was regulated 
by a valwe im the high pressure air line. 

Figure 11, a @loseeup of the test box, shows the 
window and the lights used in taking pietures of the flow. 
The teet box iteelf wae designed to simulate conditions in 
a J-3% burner, ite length wae the same as the length of 
the J-33 burner basket, ‘the plate with the holes in it 
was placed in auch a way that it divided the inlet of the 
box inte two areas: one area equal te the clearanee area 
between the cuter sheli and the burner basket and the 
other area equal to the area of the holes around the fuel 
nogsle plue the area of the annular space between the soae 
hemisphere and the burner basket. in thie manner, approxie 
aately correct proportions of the flow were intredeged on 
each side of the plate. At the exit to the test box, the 
plate again divided the flow, The euell area at the exit 
was gade equal to the area between the inner and outer 
walle of the tall come. The plate was sade with the same 
sise end number of holes as the burner basket. 

Fine wire was glued ascrees representative holes in — 
the plate and silk thread tied loosely to it. These silk 
tufte alined theeselves with the flow, aking it possibile 
to m@agure the flow angie. 
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The eoapreeser was started, and, when the flow had 
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steadied, readings were taken of the temperature and of the 
pressure measured by the pitet-static uanometer. Then the 
angle of the tufts was recorded. This was done for three 
@ifferent flows, Photographie records were taken of all 

The amoke generator was operated ag followe: About 
6 eo of TIGL, were put in the gallon ean before the run 
was started. “hen emeke wae desired, the valve in the bigh 
pressure air line wea opened. Varying the amount of high 
preseure air very effectively regulated the amount of smoke 
obtained, Thies arrangement gave a very satisfactory supply 
of emoke under gooé control. Unfortunately, it was impos 
gible to detect the ongle of flew through the holes by this 
meqne due to the high velocities and large amount of tur 
bulence, 

aes ts 

Table Ii and Figure 12 show the results ef the 
teeta. Photographs taken during the runs are shown in 
Pigures 13, 14, ond 15. From the regults it can be seen 
that the flow angle varies from 60° te 36° as the distance 
downstream inerenese. There is little variation with 


change in velocity. The average flow angle over the ieagth 
ef the secondary sone was approximately 45°, 
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sonelusions 


Sinee the average flor angle ie 46°, it is apparent 
that an effectiveness aoefficient is necessary for caleula- 
ting the flow through the secondary holes, In this analyt- 
feal design, it evemed reasonable to uee the average value 
ef flow angle of 45° over the entire length of the second- 
ary sone, Thus, the effeetiveness coefficient is 


Sy * sein as? 


* 707 . 


a , ‘a es of aa eked 


so inte vies 8s Ory: Kael es 


EE aeheiilh itt ten what. Win sontehna satan 
| 5 mt es sons a 8 
ethood we 


i . it 
ye * 
‘a4 > 
‘as 
y ? i y ; 
7 4 
~ : 


ie WO We nian tal week RE apy sT tow Dh wheal 
tas 
ey | i AOR WR ORR A it awtEe Coa QeEtod ndoes 


i, OE ie AS ORE Me Het aE Wars 5 dd ht weed % 
PT abi a2 “65 ot 90 vant gobtew slows wok) ese sete 
| Pe Kobi pies MOLE ws woewtt een deyeas oHurnt eorewt 
SARS CY Wee KAgpae alt apervewe att G2 RAW oo! Aton 


< ee *; honcho toy Tek" O24 O6GEhr vik ely 


Hele Ho.® 


1,32 1.45 


1.16 


49 


$33 8% 


73 33 


7333 


“o» + 8 ©€ 


37 
3S 


oS 


‘It is loeated four 


 imohes from the entranes to the test box. 
The eucesssive holes are one insh apart. 


@ Hele number 1 ia the first 6/8inch hole 
in the teet plate. 
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fo find the weight flow through the test box when 
conditions in the pipe are: wn ole 


Ab @ pitet-static manometer reading * 1/2" 20 © 2.6 1b/rt® 
..» femperatere = 1906 * or 590° & 
¥e Pat 
» eres eee” flow in 1/see 


W.. density in lv/te® 
i “A ® area of the eight-tnen Lente in rt® 


_” ve bonnet in leona 


sisi 176 a BED » 0675 i/rt® 


eT + ores naate 36.00 
| 44 ' 


4 49. 9 ft/sec 


Then, w @ -0675 x .55 x 69.9 


= 1.16 ib/ewe 
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APPERGIX B 


A= waxiqgus ares of combustion ehaaber 
Ay > Clearance area between basket and outer liner 
‘ag + entrance area into basket 
a «+ apeed of sound 
Ge + effeotivensss coefficient 
G, + orifice coefficient 
Srayq ~ S¥erage specific heat at coneteant preagure 
Gpg - Specific heat at genstant pressure at inlet 
Gpg ~ specific heat at constant pressure at exit 
SD diameter of basket . 
by - Glameter of pipe with area equivalent te A, 
Dy, ~ diameter of cach hole in ring 
Day 7 waxioum diameter of comtustion cbanber 
Dyg - inside clameter of clearanes area 
Dug + cuteide diameter of clearahee area 
@ + minor diameter of tall cone 
ff - friction factor 
@~ gravitational constant 
h = length of tail cone 
i+ combustion intensity 
lL. » length from nozzle to turbine entranee 
i + length frow nogsle to end of besket 
lg + length of cylinder or basket 
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LEV « lower heating value of fuel 
ily - reference Gach nusber 
Ky - entranes Faeh number 
Sg « exit Bach susber 
R= musber of combuetion chambers 
Ny, ~ musber of holes in ring around basket 
NK + Reynolés nunber 
Pe preamure 
Page + atsospheric pressure at standard conditions 
Pag « entering etatic pressure 
Pag + exit static pressure 
A + pressure drop 
@ + volume sir flow 
g ~ heat input 
R= gas conetant 
Tee ~ temperature at standard conditions 
Tag - entrance static temperature 
Tye + exit static temperature 
Pag - total inlet temperature 
fgq - total exit temperature 
¥ ~~ volume available for combustion 
Veg ~ volume of eylinder or baeket 
Vp « volume of hewiephere or done 
Veg ~ Volume of tail ¢one 
¥« velocity 
ty > reference veloeity 
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v4 - entrance velocity 
Vp + exit velosity 
w + weight flow of air 
we - weight flow of fuel 
Y= ratle of specific heate 
© sombustion efficiency 
“4 «» tisoseity of air 
Ay, « reference viscosity of air 
/ = tensity of air 
/so ~ Sensity of sir at standard conditions 
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